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PREFACE

The Persian Gulf and surrounding land areas comprise a reg1on of strategic
) importance in international affairs. Yet only in recent years have the region's
general climate and specific weather phenomena been studied closely from a
_modern meteorological point of view.

This report* examines the winter shamal, a subsynoptic scale wind phenom-
enon that occurs in the Persian Gulf region with sufficient effect and frequency
to make it an operationally significant event.

The study uses a conceptual model to relate upper air and surface features
to mesoscale weather events; variations in the model and associated weather
conditions are addressed. Wind and sea-state patterns produced by the shamal
are described; related conditions such as thunderstorms, reduced visibilities
due to blowing sand dust, turbulence, and sea/swell are discussed.

JTwo detailed case studies are presented as appendices to illustrate the
conceptual model. Both cases are based on actual surface data collected from a
network of oil rigs and shore stations, plus visible and infrared satellite
imagery from the Defense Meteorological Satellite Program (DMSP). Two addi-
tional appendices provide a regional wind climatology and a co]]ect1on of rules

of thumb for forecasting various stages of shamal occurrence.

This report is designed to meet several needs. Written primarily for the
operational forecaster, it provides a conceptual framework for understanding
and forecasting the shamal. The case studies demonstrate the usefulness of
DMSP satellite imagery in the regional analysis/prediction process. For the
military planner, the study provides an overview of some of the operationally
significant weather and wind climatology in this part of the world. For
atmospheric scientists, particularly mesoscale modelers, the study details a
‘mesoscale- synoptic scale interaction that involves cyclogenesis; this informa-
:t1on can be useful as input to models of the region's atmospheric processes.

*The author, research meteorologist Thomas J. Perrone, served for two years as
a meteorologist/forecaster for commercial oil operations in the Persian Gulf
region.
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1. INTRODUCTION

1.1 GENERAL DESCRIPTION

. "Shamal," an Arabic word meaning "north," is also the name given to
et —— S —
5easona1 northwesterly winds that occur dur1ng the winter and summer in the
Persian Gulf region. The characteristics of the two seasons' shamals are
- - markedly different, so any discussion of these phenomena must recognize their
differences.
The winter shamal, which.occurs chiefly from November through March, is __
associated with mid-latitude disturbances that progress from west to east. It

occurs following cold frontal passages and is characterized by strong north—

We§t¢r1y winds -- most prominently in December, January, and February --
accompanied by such adverse weather conditions as thunderstorms, turbulence,
low visibilities, and high seas.

Although the winter shamal is a relatively rare event ~-- winds at most
Gulf locations exceed 20 kt less than 5% of the time during the season -- it
can not be considered operationally insignificant. The winter shamal sets in
with such abruptness and force, that its irregularly occurring gale strength
winds stand out in bold relief against a background of more common, Tighter
wind conditions.

The summer shamal generally occurs with 1ittle interruption from early
June‘fﬁrough mid-July. Its occurrence, which is associated with the relative
strengths of the Indian and Arabian thermal lows, is usually much less signif-
icant than that of the winter shamal in terms of wind strength and accompanying
weather conditions.

Because of its greater potential for adverse operational effects, only the
winter shamal is examined in this study. Unless otherwise specified, the term
"shamal" hereafter is understood to mean-the winter event.

‘1.2 REPORT ORGANIZATION

¢

Shamals can be characterized as being of two genera] types, based on
duration: those which last 24 36 hours, and those wh1ch last for a typically

longer per1od of 3- 5 days. The d1fferences between these two duration-types
are cited in text and illustrations where appropriate.

1-1



Section 2 of this report describes the geography and topography of the Gulf
region in which the shamals occur.

Section 3 discusses eight aspects of shamal occurrence:

Typical synoptic sequences'of both duration-types
Variations from these typical sequences
Conditions related to onset

Duration of occurrence

Significant mesoscale weather phenomena

Wind structure

Sea and swell structure under shamal conditions

e e i e e e
W ~N O (O =~ ow N —
R L N L A

Associated atmospheric turbulence

Four appendices follow the main text, providing two case studies, a wind
.climatology, and forecast guidance.

Appendix-A, a detailed case study of a typical 24-36 hr shamal, illustrates
the concepts developed in the main text by presenting a series of surface
analyses, upper air charts, DMSP visible and infrared satellite imagery, and
discussions in text. The wide scope of the data in this case study provides an
in-depth, analytic view of shamal occurrence that might not otherwise be avail-
able to the field observer working under operational conditions.

Appendix B examines the longer 3-5 day shamal. The available data is less,
however, providing a level of information that would more likely be generally
available to the operational forecaster.

Appendices C and D present a wind climatology and a series of forecasting
rules-of-thumb, respectively.

1.3 ORDER OF PRESENTATION

In Section 3.1, which describes typical synoptjc sequences, the 3-5 day
shamal is discussed first, and the 24-36 hr shamal, second. In the appendices,
by contrast, case study 1 (Appendix A) is the 24-36 hr event and case study 2
(Appendix B) is the 3-5 day event.

The order of presentation in the main text was selected because, from the
standpoint of meteorological dynamics, the 24-36 hr sequence of events is con-
tained within the 3-5 day sequence. Thus it is logical to discuss the Tonger
and more inclusive sequence first and contrast the shorter one with it.

A reversal of this order was indicated in the case studies, simply because:
there is more information available for the short-duration shamal than for the
longer one, and because the 24-36 hr event occurs more frequently. It is
anticipated that the more detailed data given in Appendix A will enabie the user
to better understand the related, though less detailed, discussions of conditions

and events given in Appendix B.



2. THE PERSIAN GULF REGION

2.1 GENERAL DESCRIPTION

The shamal occurs in a region comprising lTow-Tying central areas encircled
- by mountains. At low elevations are the Persian Gulf, its immediate shoreline,
_and the Tigris-Euphrates valley. The bordering mountain ranges are the Taurus
- family of mountains in southern Turkey, the Pontic Mountains in northeast
Turkey, the Caucasus Mountains of Georgian Russia, the Zagros Mountains of Iran,
and the Hajar and Hejaz Mountains of the Arabian Peninsula. Regional geography
“and topography are shown in Figure 2-1.

The highest‘peaks of the Taurus chain in Turkey rise to 9000 ft (2743 m).
The general elevation in the Eastern Taurus and Pontic Mountains is 9000-12,000
ft (2743-3658 m). The ridge heights of the Caucasus chain are generally 9000-
12,000 ft (2743-3658 m), but some peaks exceed 12,000 ft (3658 m). The Zagros
Mountains of Iran have a general elevation of 6000-9000 ft (1829-2743 m); some
isolated peaks in the central part of the country are higher. The Hajar and
Hejaz Mountains of the Arabian Peninsula are somewhat lower than in Iran or
Turkey, with a general elevation of 3000-6000 ft (914-1829 m); in the southwest
Arabian Peninsula, isolated peaks rise to 6000-9000 ft (1829-2743 m) .

2.2 EFFECT OF TOPOGRAPHY ON AIR FLOW

Ibg_iqcursjon of cold air into the Persian Gulf region from the north pre-
»ceq§s the more intense winter shamals. The mountains of Turkey, Georgia, and
Iran provide an effective barrier to all but the most intense of these ‘
incursions. Cold air can also reach the region by means of a less direct route,
however: via the Aegean Sea or over the Tess impenetrable mountain barrier of
. western Turkey, thence across the eastern Mediterranean Sea, then over or around
the relatively low mountains (3000-6000 ft/914-1829 m) of Syria and Lebanon, and
into the upper Tigris-Euphrates valley. '

The configuration of the topQgraphy also affects air flows within the
Persian Gulf. The basin-like contours of the region, with sharply rising moun-
tains to the north and east and more gradual upsloping terrain to the west and
southwest, tend to direct the low-level air flow in a general northwest-southeast
orientation.
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3. SHAMAL CHARACTERISTICS AND ASSOCIATED WEATHER PHENOMENA

3.1 TYPICAL SYNOPTIC SEQUENCES

3.1.1 Shamal Lasting 3-5 Days

Figures 3-la through 3-1f depict a typical synoptic sequence for the
3-5 day shamal.

a. Figure 3-Ta. An upper trough is refiected in a surface low
advected over Syria from the eastern Mediterranean area. v

b. Figure 3-1b. The upper trough and associated surface Tow move
ecastward. A surface cold front extends south, then west, from the Tow. A
second low moves eastward across Saudi Arabia from the Red Sea. The Kaus, a
southeasterly wind, occurs in the Gulf.

c. Figure 3-1c. The upper trough moves eastward; a new low forms
on the front in the general area as far north as the southern Tigris-Euphrates
valley and as far south as the central Persian Gulf. The original low fills
over northern Iraq or retains some surface identity as it is advected with the
upper trough to the northeast toward the Caspian Sea. Subsidence in the lower
troposphere induces a surface high pressure area over northern Saudi Arabia.

A strong but shallow northwesterly airstream sets in, west of the new
surface low. This is the winter shamal which produces gale force winds, raises
a short-period steep sea, sets off thunderstorms, and advects dust and sand
over the Persian Gulf to sharply reduce visibilities.

d. Figure 3-1d. The surface low (formed in Fig. 3-1c) becomes fully
developed. It is advected by, and ahead of, the upper trough to eastern Iran.
The associated cold front has swept down the Gulf and into the Arabian Sea.
Subsidence continues in the lower troposphere over northern Saudi Arabia to the
west of the upper trough. The_surfaée pressure over Saudi Arabia increases.

The pressure gradient between the Saudi Arabian high and the lower pressure in
the Gulf of Oman sustains the gale force shamal. The weather elements described
in the preceding paragraph tend to continue. Thunderstorms may or may not occur
after frontal passage, depending upon how soon after frontal passage wide area
subsidence occurs. The sooner the gubsidence occurs after frontal passage, the
sooner thunderstorm activity is inhibited.

e. Figure 3-le. The upper air trough "stalls" over the Strait of
Hormuz (or moves through the southern Persian Gulf region very slowly) while the
surface low moves away to the northeast. A second, terrain-induced low forms



]

Typical shamal synoptic sequence.

Figure 3-la.

Continued.

Figure 3-1b.



Figure 3-1c.

Continued.

Figure 3-1d.

Continued.
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Figure 3-Te. Continued.

Figure 3-1f. Continued.




over the Gulf of Oman. Subsidence continues in the Tower troposphere over Saudi
Arabia. A second surface high pressure area forms over the Iranian plateau.

The orientation of the Zagros Mountains induces a lee trough which extends from
the terrain-induced low over the Gulf of Oman northwestward along the eastern
shore of the Gulf. The shamal continues, as do most of the associated weather
elements. At this stage, however, wide area subsidence has been established to
the west of the trough, so that rain shower and thundershower activity generally
is inhibited over the Gulf.

f. Figure 3-1f. The upper air trough eventually moves away to the
‘'east. Lower tropospheric subsidence is now stronger over the Iranian plateau
"than over the Saudi Arabian basin. The high cell over Saudi Arabia weakens and
‘the lee trough begins to move westward across the Gu]f.* The shamat weakens
and is replaced on the eastern side of the Gulf by local sea breezes, weak
southeasterlies, or a vector combination of both. ~Winds on the western side of
the Gulf (lee) trough subside as the shamal "breaks."

Although the 3-5 day shamal is a relatively rare event, typically
occurring only once or twice each winter, it brings some of the strongest winds
and highest seas of the season to the Persian Gulf region. A case study of
this type of shamal is presented in Appendix B.

3.1.2 Shamal Lasting 24-36 Hours

Shamal occurrences measured in hours are experienced more frequently
than those measured in days. The synoptic sequence given in Para. 3.1.1 also
applies reasonably well for the 24-36 hr event, with one important difference:
during the shorter-duration shamal, the upper air trough does not stall in the
vicinity of the Strait of Hormuz, but rather moves away quickly and smoothly to
the east so that the stage represented by Figure 3-le is omitted. A case study
of this shorter-duration shamal is presented in Appendix A.

3.2 VARIATIONS IN THE TYPICAL SYNOPTIC SEQUENCE

The synoptic sequence depicted by Figures 3-1a through 3-1f is idealized,
and it is important to realize that many variations can occur. '

If the surface lows and their associated upper air troughs traverse west
.to east through, or just to the north of, the northern Gulf without sufficient

¢

*

“The position of the lee trough varies: it responds to Tocal changes in the

Gulf region of the atmosphere's dynamic and thermal structure. The trough
typically may be found as far west as the western shore of the Gulf and as far
east as a position over the Iranian mainland, to the east of the eastern shore

of the Gulf (as in Fig. 3-6).

In this instance (Fig. 3-1f) the lee trough has begun to move westward in
response to dynamic changes associated with differences in the relative strengths
of the high pressure areas over the Arabian Peninsula and the Iranian plateau
(compare Fig. 3-le with 3-1f).



intensity to draw cold air southward to the rear of the surface Tow, only a
brief period of gale force northwesterlies, confined to the northern Gulf, may
result. This variation'typifies the late fall, November to mid-December, as
shown in Figure 3-1g.

These conditions can also occur as early as September (as documented by
Feteris (1973)), but shamal conditions in the northern Gulf in early fall are
rare. .

In Tate winter/early spring (March/early April), the general upper air
pattern tends to become less meridional. Before the westerlies retreat north-
ward to be replaced by the easterly upper air regime of summer, the occurrences
of brief but frequent periods of gale force northwesterlies seem to coincide
better with the progression of shorter wave troughs through the westerlies,
than with incursion of the longer wave troughs into the area depicted in the
typical sequence.

Another variation invoives penetration of cold air into the Persian Gulf
where the associated cold front stalls in the middle or southern portions of the
Gulf. With sufficient upper air support, a small, intense low may form on or
near the stalled front. Gale force northwesterlies may result in the northern
Gulf, with gale force northeasterlies, southwesterlies, and southeasterlies
Tocally near the low in the southern Gulf (see Figure 3-1h).

3.3 ONSET

The onset of the shamal may occur at any hour, in association with the
passage of cold fronts or the transit of mid-latitude lows through, or just to
the north of, the Persian Gulf region.

3.3.1 Conditions Prior to Onset

Before the onset of the shamal, winds in the area ahead of the
approaching cold front blow from the south to southeast. These southerly winds
(called "Kaus" in Arabic or "Shakki" in Persian) slowly increase in 1ntens1ty
as the front approaches, and may reach gale force before the frontal passage.
The strongest southerly winds tend to occur on the eastern side of the Gulf, due
to channeling of the lower level flow by the Zagros Mountains in western Iran
(see Figure 3-2). Seas under southerly wind conditions rarely exceed 8-10 ft
(2.5-3 m) (significant height - the average of the highest 1/3 of observed
waves), due to the relatively short time the winds blow over the Gulf from a
southerly direction. These southerly winds bring thick, gloomy weather, often
with considerable rain.

*The Kaus may also occur without a cold frontal passage following, as when the
surface low passes from west to east far to the north of the Gulf, or when the
cold front dissipates before entering the Gulf.

3-6
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Figure 3-1g. Variations in typical synoptic
sequence of the shamal in the northern Gulf.
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Figure 3-1h. Variations in typical synoptic
sequence of the shamal in the northern Gulf,
with local northwesterlies, southwesterlies,
and southeasterlies in the southern Gulf.
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Figure 3-2. Channeling effect of Zagros Mountains
on Kaus winds.

3.3.2 O0nset in Different Parts of the Gulf

The shamal begins. in the northwest corner of the Gulf and spreads
south and east behind the advancing cold front. The interval between first
onset in the northwest corner of the Gulf and onset in the southern Gulf is
typically 12-24 hr. 1In the first case study, Appendix A, the interval is
approximately 12 hr.

A vital key to properly predicting the onset of the shamal is an
understanding of the surface/upper air relationships. The onset of the typical
mid-winter shamal is associated with the advection of a cold, vigorous upper-air
(500 mb) trough (with its associated energy) to the south and east of the Taurus"
Mountains of Turkey to a position over Syria and Iraq. A surface low typically
forms in the area marked in Figure 3-3, just to the east of the upper trough,
where positive vorticity advection is strongest. Other factors which favor
cyclogenesis in this area include the presence of the relatively warm waters of
the Gulf as a sensible heat source, and the vertical motion due to the mechanical
lifting by the Zagros Mountains acting on low-level westerly or southwesterly
air-flows. Once begun, upward motion is enhanced by the strong southwesterly
airflow aloft over the Zagros Mountains, and by the release of latent heat of
condensation from the uplifted and condensed warm Gulf surface air (Feteris,
1973).
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Figure 3-3. Area favorable for shamal-associated
cyclogenesis.

Just before the shamal begins, a shallow, narrow tongue of relatively
cold air over the upper Tigris-Euphrates valley advances southeastward down the
lTower part of this valley to underrun and 1ift the warmer, moist, resident Gulf
air. The potential energy in the thermal contrast of the adjacent cold and
warm surface air masses is converted to kinetic energy as the cold air 1ifts
the warmer air. The energy conversion relationship forms the basis of a fore-
cast technique -- suggested by Feteris (1973), based on a classic theory of
Margules cited in Hess (1959) -- for predicting the initial velocity of the
shamal as it enters the Gulf at its northwest corner. (An adaptation of this
technique is given in Rule 2, Appendik D, Forecast Guidance.)

Also just before the shamal begins, the vertical structure of the
atmosphere in the northern Gulif/lower Tigris-Euphrates valley typically is
-conditionally unstable (see Figure 3-4). ‘

The DMSP satellite images of 24 January 1974, shown in Figures A-14
and A-15 in Appendix A, indicate a prefrontal line of thunderstorms over the
Gulf and western Iran. This line is strikingly similar to ones associated with
prefrontal severe weather in the U.S. midwest in spring, where such cloud lines
can produce severe thunderstorms and spawn tornadoes. Thunderstorm activity
occurs frequently in the northern part of the Persian Gulf region, but tornadic
actiyity has not been observed.
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In order to set off thunderstorm activity of the sort indicated by the
DMSP images, in a conditionally unstable environment, some sort of "trigger"
mechanism is necessary to convert into kinetic energy the available potential
energy distributed vertically in the atmosphere when conditional instability is
present. While speculation on the precise form of such a trigger mechanism is
beyond the scope of this report and the data available, Figure 3-4 presents a
typical pre-shamal atmosphere with "positive" and "negative" energy areas
analyzed to show qualitatively the amount of availdble energy capable of being
unleashed. Also analyzed are the lifting condensation level (LCL), the level
of free convection (LFC), and the equilibrium level (EL).

The energy released by the trigger mechanism has two effects: intense
convective activity is produced; and production of convective activity, in turn,
may help cyclogenesis to occur more rapidly and with greater intensity than
would otherwise be the case (Tracton, 1973).

At the first ﬁenetration of cold air into the Gulf region, the lower
Tevels of the troposphere experience strong but shallow northwesterly flow,
while at middle and upper tropospheric levels, the flow remains southwesterly.
An important forecasting implication is that the onset of the shamal typically
precedes the passage of the upper aiv (500 mb) trough over the Gulf by as much
as 12-24 hr.



Iranian shore of the Gulf, induce a lee trough along the Iranian coast, which
deforms the surface pressure gradient to a northwest-southeast orientation over
the Gulf (see Figure 3-6). As long as the long-wave upper trough remains
stationary near the Strait of Hormuz, this pressure gradient produces a strong
northwesterly wind over the Gulf. Once the long-wave upper trough moves east-
ward again, subsidence in the vicinity of northern Saudi Arabia lessens, the
pressure gradient relaxes, and the wind subsides. At this point, the shamal
has "broken".

Figure 3-6. Typical surface pressure pattern
during 3-5 day shamal with lee trough near
Iranian coast of Gulf.

3.5 SIGNIFICANT MESOSCALE WEATHER PHENOMENA

As the shamal cold front sweeps south and eastward down the Gulf, convec-
tive cells in the immediate region of the front frequently produce squally,
unstable weather with rain showers and thunderstorms. The high resolution DMSP
images shown as Figures A-11 and A-12 in Appendix A (Case Study 1) indicate
intense convective activity in organized lines occurring ahead of the cold
front in the northern Gulf. Convection often is inhibited following cold
frontal passage. .

The cool air which sweeps southward down the Tigris-Euphrates valley behind
the cold front tends to be dry, so that convection is difficult to sustain
following cold frontal passage. If a significant amount of subsidence occurs
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in the lower troposphere -- directly following surface frontal passage -- over
Saudi Arabia, Iraq, and the Persian Gulf, convection over the region will be
totally suppressed. .

If, on the other hand, the layer of cold air behind the front is unaccom-
panied by significant subsidence throughout the lower troposphere (this
occasionally happens; the onset of subsidence lTags passage of the surface cold
front by as much as 24 hr), the initially cool, dry air behind the front will
be modified from beneath as it streams over the warm moist Gulf and convective
activity can recur. The air picks up both sensible heat and moisture from the
Gulf and becomes unstable. (Figures A-24 and A-25 in Appendix A show the
effects of this process.) If the process proceeds far enough before being
capped by the onset of subsidence, showers and thundershowers can develop in
the modified cool air over the Gulf behind the cold front.

The northwest wind which sets in after passage of the cold front tends to
be strong and gusty. Visibilities are reduced by salt spray haze raised by the
winds; this haze is combined with dust and sand advected over the waters‘of the
Gulf from the Tigris-Euphrates valley to the north and from desert regions to
the west. ' .

\ Visibility problems associated with blowing dust can be especially severe
in the northern Gulf. If the shamal is the first of the winter season, visibil-
ities due to blowing dust may be exceptionally low. The strong, gusty north-
westerlies 1ift the fine topsoil of the Tigris-Euphrates valley (dried by the
over 100°F heat of the previous summer season and untouched by rainfall since
the previous winter) and carry it, suspended, out over the northern Gulf.
Similar, though less severe, low visibility conditions are produced in winter
when Tong intervals occur between shamals or other rain-producing systems, so
that 1ittle moisture remains to bind together the fine topsoil of the fertile
lower Tigris-Euphrates valley.

3.6 SURFACE WINDS

After onset, the prevailing shamal direction is strongly influenced by
coastal contours. In the northern Gulf, the general wind direction is north to
west-northwest. At mid-Gulf, shamal winds tend to be west-northwest to north-
westerly. On the southeast coast of the Gulf, the prevailing shamal direction
is westerly. Near the Strait of Hormuz, shamal winds blow from the southwest.
(This pattern is reflected in wind roses for the winter months in the Persian
Gulf, given in Appendix C.)

N In general terms, average shamal wind speeds range between 20 and 40 kt.

A general rule of thumb is to add 10 kt to the onset wind speed given by forecast
rule 2a in Appendix D (Forecast Guidance) for average gusts and 15 to 20 kt for
peak gusts. This seems to work well for 24-36 hr shamals.
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However, when the upper trough becomes stationary over or near the Strait
of Hormuz, the surface wind distribution is different. The shamal tends to
persist for 3-5 days with gale force northwesterlies prevalent over the entire
Gulf. Strongest winds are over the southern and southeastern Gulf, where the
surface pressure gradient between the high over Saudi Arabia and the low over
the Gulf of Oman is the tightest. Average wind speeds in the southern and
southeastern Gulf range from 30 to 40 kt, with peak winds in excess of 50 kt
not uncommon in this type of shamal. Winds in the northern Gulf tend to be
_5-15 kt less, on average.

3.6.1 Areas of Stronger than Normal Shamal Winds

Two areas of the Gulf seem to experience stronger than average shamal

conditions (as suggested by the monthly wind roses and wind exceedance graphs of
" A

the wind climatology section, Appendix C ). These areas are depicted in Figure

3-7.
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Figure 3-7. Areas of stronger than normal
northwesterly winds and higher seas.

*The wind statistics in Appendix C may be biased by considerations such as

di fferences in exposure of the anemometers used to record the data at each
location. Other evidence, however, such as wind reports from the o0il rig
Seashell located between Halul Island and the east shore of the Qatar Peninsula,
confirm that higher winds are truly present.



One area is near the Qatar Peninsula, where higher shamal wind values
are reflected in the wind roses for both Ras Rakan at the northern end of the
Peninsula and Halul Is]&nd to the east of the Peninsula. Perhaps this local
anomaly is due to small scale influences of the Qatar Peninsula, which juts into
the Persian Gulf on local winds. For this region, a good rule of thumb is to
add 10-15 kt to the average wind forecast for the rest of the Gul f.

Another area where winds seem to exceed the norm is near Lavan Island;
higher than normal values tend to occur here in late winter and early spring.
Accordingly, forecast values for the area near Lavan Island should be increased
by 10 kt in the late winter-early spring (March) shamals.
=== Wind speed anomalies probably exist in other areas. The shamal, as
an interaction between the synoptic scale and the mesoscale, is highly subject
to modificétion by lTocal conditions. As more data are collected over time in
specific areas of the region, the local variations will become clearer.

3.6.2 Diurnal Variations in Surface Winds

Forecasters with experience in the Gulf region report that surface
winds intensify over open water by day and diminish somewhat by night. However,
the detailed wind information for Ahmadi Sea Island and Das Island (given in
Tables A-1 and A-2 of Appendix A, Case Study 1) seems to contradict this "rule
of thumb" -- the wind maxima at these istands were recorded at night. This may
have occurred because the shamal wind zone extended only a short distance behind
the advancing cold front, and subsided within 24 hr after the front passed and
the upper air trough moved away to the east. The time of maximum wind intensity
in stth a situation seems most likely to occur 6-12 hr after frontal passage.

In cases where the upper trough becomes stationary over or near the
Strait of Hormuz, however, so that the shamal extends over- 3 to 5 days, diurnal
effects would appear to have some perceptible influence. The surface pressure
gradient and the winds tend to increase by day and siacken to a small extent at
night. Typical differences between day and night wind velocities are on the
order of 5-10 kt.

3.7 SEAS/SWELL
3.7.1 Seas (Combined Sea Height)*

The Persian Gulf is shallow and highly stratified, and both of these
qualities can contribute to the modification of the normal wind speed/sea height
relationships applicable to the open sea. The shallowness of the Gulf -- it is
only 240 ft (73.3 m) deep at its deepest point -- indicates that deep water

*A11 heights discussed are significant wave heights (H 1/3): the average of the
highest 1/3 of those observed.
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wave approxihations for wind speed/wave height relationships are inappropriate.
The appropriate approximation, depending upon location in the Gulf, is either
that of a shallow water wave or an intermediate depth wave. Both approximations
imply steeper waves than expected over the open sea, where deep water approxi-
mations apply. Also implied are higher wave heights for a given wind speed than
those found over the open sea.

The stratification of the Gulf, due to an excess of evaporation over
precipitation, also implies higher sea heights than are found over the open sea.
The resulting warmth of the Gulf's surface aids in more efficient coupling
ﬁhrough the wind stress on the water surface. This more efficient coupling has
been shown to produce a more effective transfer of kinetic energy from air to
§eﬁ. When the relatively cool, gusty, northwester1y winds of the shamal are
advected over these warm, shallow waters, a short-period, steep sea arises
quickly. Where gale force winds blow persistently for as little as 12 hr,

10-12 ft seas arise quickly. The wind speeds and sea heights reported by oil

rigs and servicing craft in Case Study 1 confirm this. In areas that regularly
experience higher than average wind speeds during the shamal (those described
in Para. 3.6.1 and shown in Figure 3-7), the seas rise more quickly and are
higher. In these areas, a good general rule of thumb is to add 2-4 ft to the

-

typical values given above.

If the upper trough moves through the Gulf region quickly and smoothly
(the 24-36 hr shamal), the strong wind zone over the Gulf is advected south-
eastward with the surface cold front. This strong wind zone extends from the
frontal position back to the northwest. Although the strong winds, blowing for
only a short period of time, quickly raise significant seas, combined sea heights
may be limited by fetch (particularly in the northern Gulf) and by duration of
the strong winds at a given point as the strong wind zone behind the front moves
southeastward.

If the 3-5 day shamal occurs (the upper trough stalls over the Strait
of Hormuz, or moves very slowly through the Gulf region), the combined sea
height will increase further, particularly in the southern Gulf. Three factors
combine to produce significant combined sea heights of up to 12-15 ft and more
in the southern Gulf:

i (1) The increase in wind speed in the southern Gulf; this contributes
to higher locally generated seas there.

(2) The longer duration of gale force winds over the whole Gulf;
the northern portion of the Gulf becomes a generating area for swell which runs
down into the southern Gulf.

(3) The lack of fetch limitation; the entire length of the Gulf

experiences at lTeast gale force winds with the strongest winds in the southern
Gulf.
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Because of (2) and (3), the southern part of the Gulf also experiences
a2 Tonger period of residual swell decay after the 3-5 day shamal subsides.

3.7.2 Residual Swell

Following the end of 24-36 hr shamals, swells typically decay rapidily
to 2-4 ft within 24 hr after the winds subside.

Following the end of the 3-5 day shamals, residual swell may persist
for up to three days. If 12-15 ft seas have previously been generated along
the whole length of the Gulf, the significant swell heights typically decay in
the southern Gulf to 6-8 ft on the second day, 3-5 ft on the third day, and
1-3 ft on the fourth day.

In, and to the southeast of, the areas of higher than normal winds
discussed in Section 3.6.1 and shown in Figure 3-7, the swells take longer to
decay. Following the end of the 24-36 hr shamal, swells typically decay to
4-6 ft on the first day, and to 2-4 ft on the second day. Following the end
of the 3-5 day shamal, swells typically decay to 8-10 ft on the second day,

5-7 ft on the third day, 3-5 ft on the fourth day, and 1-3 ft on the fifth day.

3.8 TURBULENCE

Significant turbulence can be associated with the shamal at Tower and
*
upper levels of the troposphere.

3.8.1 Low Level Turbulence

Low level turbulence (that occurring in the first few thousand feet
above the surface) can be associated with the shamal during three distinct time
periods: prior to the passage of the cold front which initiates the shamal, in
association with the cold front itself, and after the cold front has passed
through the Gulf region.

3.8.1.1 Prior to Cold Front Passage

Prior to the passage of the cold front, the southerly wind known as
the Kaus frequently occurs. The Kaus winds are "channeled” by the Zagros
Mountains (see Section 3.3.1 and Figure 3-2) to cause a zone of higher wind
speeds at low levels on the eastern side of the Gulf. Speed shears, therefore,
are likely to be found both to the west of the lower level maximum wind zone
near the surface, and vertically just above the wind zone maximum. Such.speed
shears imply light to moderate turbulence, particularly when the low level wind
maximum approaches gale force (28-47 kt).

*See Appendix D, Forecast Guidance, rules 11 and 12.



As discussed in Section 3.3.3 and indicated on Figures A-14 and A-15,
lines of severe thunderstorm and rainshower activity may occur just ahead of
the cold front, particularly in the northern Gulf. Locally severe turbulence
is implied in and near these organized convective cells throughout the
troposphere.

3.8.1.2 Associated with the Cold Front

Rainshower and occasionally thundershower activity occur in conjunc-
“tion with the convective clouds that are part of the advancing cold front which
marks the onset of the shamal. Near and in these convective cells, moderate
" -to locally severe turbulence is implied.

3.8.1.3 After Cold Front Passage

The shamal wind is strong and gusty (Secfion 3.5). Gustiness,
particularly when associated with wind at or near gale force, implies 1light to
moderate turbulence in the lTowest few thousand feet of the atmosphere. Satel-
1ite imagery, particularly high resolution DMSP imagery, can aid in pinpointing
the more severe occurrences of this sort of Tow level turbulence.

As indicated in Figures A-24 and A-25 and on Figures B-13, B-18, B-23,
and B-30, instability cumulus frequently form over the Gulf after the cold
front has passed through, the result of relatively cold air streaming over the
warmer Gulf waters.* The lower few thousand feet of the atmosphere can become
particularly unstable under these conditions to produce "bumpy" conditions
which could adversely affect the performance of low-flying aircraft such as
helicopters.

The occurrence of instability cumulus is associated with the advection
of cold air at lTower levels over the Gulf, during the first 24 hours or so of
the shamal. If the shamal persists for 3-5 days, additional occurrences of
instability cumulus seem to be associated with short waves in the upper air that
move through the stalled long-wave position (see particularly Section B.4 of
Appendix B, which discusses the occurrence of this phenomenon in detail, in
conjunction with the satellite image depicted in Figure B-23). By closely
monitoring available DMSP imagery the forecaster can identify those situations

“which enhance the Tikelihood of lTow level turbulence.

N Another part of the Gulf with low Tevel turbulence potential is the
area on the eastern side of the Gulf near the Zagros Mountains. Data depicting

"low level wind trajectories during the shamal are limited; accordingly, direct

*See Appendix A and Appendix B for detailed discussions of this pHenomenon, in
terms of the interrelationships between the satellite images, and surface and
upper air data.
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inferences about Tow level flow are also limited to those which may be drawn
from the orientation of the post-frontal instability cumulus. However, it is
not unreasonable to assume that while the shamal blows, some air at Tow levels
is drawn from the Iranian plateau southwestward to merge with the prevailing
Tow Tevel northwesterly air flow over the Gulf.

Under these conditions if the speed of the air flowing over the crest
of the Zagros Mountains approaches gale force, moderate or greater intensity
mechanical turbulence may be encountered in the lee (to the west) of the Zagros
Mountains. This condition can be expected particularly during the extended

3-5 day shamal.

3.8.2 \Upper Level Turbulence

Significant turbulence also can be associated with the upper air
pattern of the shamal. Some turbulence may be associated with the anticyclonic

subtropical jet, whose mean position is indicated in Figure 3-8.
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Figure 3-8. Mean subtropical jet stream for winter 1955-1956.
Isotach analysis at 200 mb, drawn every 50 kt. Mean latitude
of jet axis is 27.5°N. (After Reiter, 1969.)

When the polar jet dips southward over, or just to the north of, the
Persian Gulf in association with the onset of the shamal, a complex interaction
between the polar and subtropical jets may occur. In some instances, the jets
may overlay one another, as suggested by Reiter (1972); in other situations,
the two jet regimes may both occur over the Gulf, separate but proximate (see
Figures 3-9 and 3-10).

When the polar jet invades the Gulf region, it tends to depress the
subtropical jet further southward. In forecasting, this implies that some
turbulence may be expected at or near the area of the mean subtropical jet
position when the shamal is absent (particularly if the cloud "signature" of
the jet can be discerned from a satellite image). (Figure B-6 in Appendix B
shows the subtropical jet on DMSP visible imagery near its climatological
position.) As the shamal sets in, a broadened and more intense turbulence area
is 1likely, and the area's extent can be moved southward to coincide with the
equatorward displacement of the subtropical jet.
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Table 3-1 and Figure 3-11 (after Stranz, 1970) constitute a typical
Space-time cross section from an aircraft report of winds and turbulence at
20,000 ft (6096 m), near but below the location of the jet axis during a winter
shamal situation. The aircraft appears to be flying beneath the jet core in a
region of strong vertical shear. Strongest turbulence effects are generally
encountered when the flight path is normal to the jet stream axis; the angle
the aircraft makes with the jet stream axis (in Stranz's example) is close to
90°. Stranz's data is plotted in Figure 3-11 with positions of the polar and
subtropical jet, as suggested by Reiter's (1972) model.

Turbulence at all levels of the troposphere may also be induced by
mountains in the Persian Gulf region. Examples of mountain waves in the area
surrounding the Persian Gulf are observed in the DMSP imagery presented in
Appendices A and B.

Figure A-14 shows mountain waves induced by the subtropical jet as it
passes over the Hejaz Mountains (which are Tocated along the western edge of the
Arabian peninsula) and as it passes over the southern portion of the Zagros
Mountains (to the east of Baudar Abbas and to the north of the Gulf of Oman).

A particularly striking example of mountain wave clouds is shown at Area I in
Figure B-23. The polar jet, depressed southward to a position of the southern
Persian Gulf in association with the extended 3-5 day shamal, induces the wave
clouds over the northern portion of the Gulif of Oman (just to the south of the
Strait of Hormuz) as the air streams over the northern part of the Hajar
Mountains. The orientation of the northern part of the mountain chain, in this
instance, is nearly at right angles to the wind flow.

Moderate to severe turbulence can be expected downstream of the
mountains in the region where the waves form, from an altitude well below the
height of the mountain peaks -- in some instances, all the way down to the
surface of the downstream terrain -- extending upward to as high as jet stream
altitudes. The altitude range of the occurrence is a function of local atmos-
pheric stability, and other factors, such as wind speed and direction, specific
terrain configuration, and vertical wind profile.
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Table 3-1. Debrief Aircraft, 14 Dec 1970, Bahrain.

GMT Position

1845  28°30'N, 51°40'E
1900  29°32 N, 52°38 E
1920  31° to 32°N

1930 32°N., 52°E
2000 35°N, 50°22'E

2015 36°N, 49°E

2030 37°N, 47°E

2100 37°33'N, 45°04'E
2130 38°30'N, 42°16'E
2200 38°36'N, 39°18 E
2230 38°N, 38°40 E

ATtitude (ft)* Wind Temperature (°C)
19,000 250° 95 kt -15
20,000 250° 100 kt -19

wind sheér,
very heavy
CAT**
20,000 295° 25 kt, -35
moderate CAT
20,000 360° 25 kt, -35
light CAT
20,000 moderate CAT
20,000 355° 40 kt -32
20,000 340° 45 kt -28
20,000 335° 40 kt -28
20,000 335° 40 kt -28
20,000 340° 20 kt -24

SIGMET (morning of 15 Dec 1970):

AND FORECAST FOR LOW LEVELS OVER THE PERSIAN GULF."

"VERY HEAVY CLEAR AIR TURBULENCE REPORTED

*19,000 ft
20,000 ft

5791 m
6096 m

Figure 3-11. Pilot report
after Stranz (1970).
The subtropical jet
overrides the polar jet,
as suggested by Reiter's
model. (See Figure 3-9.)

**CAT - Clear Air Turbulence
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APPENDIX A - CASE STUDY 1
TYPICAL SYNOPTIC SEQUENCE OF THE 24-36 HOUR SHAMAL

This case study describes a January 1974 synoptic sequence which is typical
of the 24-36 hr shamal (see discussion in Para. 3.1.2). Where appropriate to
" the case 'study, surface charts drawn at 3-hr intervals are included to depict
- the movement down the Persian Gulf of the cold front that precedes the onset of
'}he shamal. These detailed surface charts will acquaint the user with the meso-
.scale wind and wave structures that accompany shamal occurrences.

Some of the observations used to develop the analyses are not available on
standard weather collectives. They were recorded by professional meteorologists
and by trained oil company observers (Hibbert, 1966) in support of commercial
0il-drilling operations. »

Combined sea heights expressed as ranges of heights in feet (e.g., 2-4 ft)
are also included on surface charts. It has been the experience of local
observers that the first number tends to indicate the significant combined sea
height (H 1/3) (the average of the highest one-third of waves observed). The
second number seems to be an imperfect approximation to another commonly
encountered measure of wave height, H 1/10, the average of the highest one-tenth
of the waves observed. In the wave heights presented on these surface charts,
the second figure seems to be an underestimate of the H 1/10 that might be
expected from wind-wave theory. If only one heighi,is given, it indicates an
H1/3 (i.e., significant combined) observation.

This case study is presented in five steps of synoptic development (Paras.
A.1-A.5) and a summary of important points (Para. A.6). The texts for steps 3,
4, and 5 are subdivided into two parts: synoptic discussions, and satellite data
interpretation. The quoted statements of conditions that introduce each step
are taken from the discussions presented in the main body of the report, Para.
-3.1.

Constant pressure 500 mb analyses are provided to illustrate general

" surface/upper air relationships discussed in the main body of this report; some
.analyses at 700 mb and 200 mb are also included. DMSP satellite images are
provided to enrich the surface and upper air analyses. In a data-sparse region
like the Persian Gulf, such satellite data may help to fill the gaps left by
inadequate surface and upper air data.



A.1 STEP ONE

"An upper trough is reflected in a surface low advected over Syria from the
eastern Mediterranean area" (ref. Figure 3-1a).

On 20 Jan 1974, a sharp upper trough located over the eastern Mediterranean
Sea moved slowly eastward. An associated surface low moved with the upper
trough from the vicinity of 37°N, 32°E at 20/00Z into Syria (near 35°N, 38°F at
21/12Z). Both features then remained quasi-stationary over Syria until early on
24 Jan (Figures A-1 through A-8, 500 mb upper air analyses). The surface low
was positioned to the east of the upper air trough and moved eastward ahead of
the trough as the trough moved from the Mediterranean into Syria. Surface low
positions are indicated by dots, and long wave trough positions by shaded bars,
on these figures. _

The sequence in Figures A-1 through A-8 also illustrates the tendency
of the upper air long wave trough to favor a posiiion near the eastern
Mediterranean shore (as described in Para. 3.3.4 and illustrated in Figures 3-5a
through 3-5e). A series of short waves moved through the long wave position
(over the eastern coast of the Mediterranean Sea) before the long wave trough
position moved eastward at 00Z on 24 January. Movements of the short waves A,
B, C, and D are indicated in Figures A-3 through A-8 by circled letters.
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A.2 STEP THG

"The upper trough and associated surface low move eastward. A surface
cold front extends south, then west, from the low. A second low moves eastward
across Saudi Arabia from the Red Sea. The Kaus, a southeasterly wind, occurs
in the Gulf" (ref. Figure 3-1b).

The 500 mb upper air trough began to move eastward again at 00Z on 24 Jan
(Figure A-9). Two surface lows appeared, one near the 500 mb center and
another to the east of the 500 mb upper trough axis. A surface low pressure

* < trough was also located over Saudi Arabia at 00Z, centered near 22°N, 50°E

- (Figure A-10). _
’ A moderate southerly wind (the Kaus) set in over the Gulf ahead of the

approaching cold front, as indicated in the 06Z surface analyses (Figures A-11
and A-12b).
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A.3 STEP THREE

A.3.1 Synoptic Discussion

“The upper trough moves eastward; a new low forms on the front in the
general area as far north as the southern Tigris-Euphrates valley and as far
south as the central Persian Gulf. The original low fills over northern Iragqg
or retains some surface identity as it is advected with the upper trough to the
northeast toward the Caspian Sea. Subsidence in the lower troposphere induces
a surface high pressure area over northern Saudi Arabia.

"A strong but shallow northwesterly airstream sets in, west of the new
surface low. This the winter shamal, which produces gale force winds, raises
. a short-period, steep sea, sets off thunderstorms, and advects dust and sand
over the Persian Gulf to sharply reduce visibilities" (ref. Figure 3-1C).

Cyclogenesis occurred over the lower Tigris-Euphrates valley near 33.5°N,
- 45 5°E (Figure A-11). At 06Z on 24 Jan, the new low, over western Iran near
32.5°N, 49°E, was deeper than the original surface low over central Irag near
34°N, 44°E. Based on additional information provided by DMSP satellite images
at 24/0838Z, a decaying surface cold front was linked to the original surface
low over central Iraq; and a second, developing cold front was linked to the
newly formed low over western Iran. The developing cold front pushed out over
the northwestern portion of the Gulf at 06Z and swept down the Gulf, as shown
on the detailed surface analyses fdr 09Z, 12Z, and 15Z (Figs. A-12c-e). The
gale force northwesterlies which set in behind the cold front formed the winter
shamal. '

By 12Z on 24 Jan (Figure A-12), the original surface low, then over western
Iran near 34°N, 47.5°E, filled to the extent that it became little more than a
surface reflection of the 24/12Z 500 mb upper trough (Figure A-13). The newly
developed surface low continued to deepen and moved eastward over central Iran.
At 24/127, it was located near 32.5°N, 53.5°E. The cold front from this low
extended southward over the central Persian Gulf, and thence southwestward
across central Saudi Arabia. By 24/12Z, surface pressures had begun to rise
over northern Saudi Arabia to the rear of the cold front.

A detailed examination of the 24 Jan sequence is suggested (Figures
A-12a-e). Note the contrast between the light to moderate southeasterly wind
conditions (Kaus) which precede the penetration of the cold front into the Gulf,
and the suddenness and intensity with which gale force shamal northwesterlies
occur at and behind the cold front. These gale force northwesteriies are rare
events; they occur less than 5% of the time in winter at most Gulf locations.
These twin characteristics of rarity and suddenness in onset dramatically
highlight the operational significance‘of the shamal gale force northwesterlies
when compared to the normally light to moderate winter wind conditions in the
Persian Gulf.



Also of interest is the velocity with which the front propagates down the
Gulf: in excess of 40 kt. This velocity is not at all inconsistent with the
gale force winds near the surface which propelled the front southeastward.
These gale force northwesterly winds appear in this case to blow through a
relatively shallow layer. A comparison of the 24/12Z surface analysis with the
24/127 500 mb analysis (Figure A-13) shows surface winds to be northwesterly
behind the cold front but southwesterly at 500 mb, because the upper trough has
not yet moved eastward over the Gulf.

Hour-by-hour wind averages taken from anemographs on ‘Ahmadi Sea Island
near Kuwait in the northern Gulf (Table A-1) and Das Island near 25°N, 53°E in ~ °
the southern Gulf (Table A-2) indicate the onset of the shamal. In the north,
onset of the shamal was comparatively abrupt and occurred between 24/06Z and
24/08Z. In the south, the wind veered more gradually than in the north. A
northwesterly direction was established at Das Island by 24/14Z.

Seas rose rapidly in response to the action of the gale force winds over
the shallow, warm waters of the Gulf. Combined sea heights of 5-6 ft were
reported at AOC Gathering Station (southeast of Kuwait and near 28.5°N, 49°F)
shortly after the shamal began at 24/09Z (Figure A-12c); they rose to 8-12 ft
only three hours later at 24/12Z (Figure A-12d). Rigs in the vicinity of Ras
Tanura, near 26.5°N, 50E in the central Gulf, reported 7-10 ft combined sea
heights within hours of the cold frontal passage and the onset of the shamal
(Figure A-12d). By 24/15Z, observers at oil rig Seashell -- located east of
the Qatar Peninsula at approximately 25.5°N, 52°E in a region subject to partic-
ularly strong wind conditions -- reported 12-15 ft combined sea heights under
40-50 kt northwest winds (Figure A-12e). Although these observations may have
reflected some overestimation, they nonetheless illustrate graphically the rapid
response of Gulf waters to the sudden surface stress applied by the gale force
northwesterly winds of the shamal.

Thunderstorms occurred ahead of the cold front; they are apparent from
surface observations near 30°N, 50°E at 24/06Z and 24/09Z (Figures A-12b and
A-12c). Some past thundershower activity is also indicated in the same area at
24/12Z (Figure A-12d).

Reductions in surface visibility due to dust, haze, and blowing sand
raised by the gale force winds behind the cold front are indicated in several
areas: on the 24/09Z surface analysis, Figure A-12c, at Ras al Khafji near
28.5°N, 48.5°E on the northwestern shore of the Gulf, just south of Kuwait; on
the 24/127 surface analysis, Figure A-12d, at Ras al Khafji and AOC Gathering
Station in the Gulf just to the east of Ras al Khafji; and on the 24/15Z surface
analysis, Figure A-12e, in the southern Gulf at Doha near 25.5°N, 51.5°FE and
Umm Said near 24.5°N, 51.5°E (both on the eastern shore of the Qatar Peninsula),
and further east at Das Island near 25°N, 53°E.



Table A-1. Hourly winds reported at Ahmadi Sea Island for 24 June 1974.

LT Direction Mean Speed Max Gusts
(LT=GMT+3)* GMT (53] (kt) (kt)
0100 23/2200Z 060 8 11
0200 23723002 070 7 9
0300 24/0000zZ 100 7 9
0400 24/0100zZ 130 11 19
0500 24/02002 140 13 24
0600 24/0300Z 140 11 16
0700 24/0400Z 120 6 12
0800 24/0500Z 210 7 14
0900 24/0600Z 220 13 26
1000 24/070012 290 20 28
1100 24708002 300 20 31
1200 24/09002 300 20 35
1300 24710002 290 36 49
1400 24/1100Z 290 33 48
1500 24/1200Z 280 26 39
1600 24/13002 280 30 42
1700 24/14002Z : 280 31 42
1800 24/1500Z 280 26 38
1900 24/1600Z 300 22 34
2000 24/1700Z 270 31 46
2100 24/1800Z 260 28 42
2200 24/19002Z 270 33 48
2300 24720002 280 32 42

Table A-2. Hourly winds reported at Das Island for 24 June 1974 .

LT Direction Mean Speed Max Gusts
(LT=GMT+4)* GMT (°) (kt) ¥ i{lket)
0100 23/2100Z 080 16 20
0200 23/2200Z 080 16 20
0300 23/2300Z 080 14 19
0400 24/0000Z 090 15 18
0500 24701002 090 15 19
0600 24702002 120 15 18
0700 24/0300Z 140 15 19
0800 24/0400Z 150 16 20
0900 24705002 160 15 19
1000 24/0600Z 160 14 19
1100 24/0700Z 180 14 18
1200 24/0800Z 190 10 16
1300 24709002 230 9 12
1400 24/1000Z 230 10 13
1500 24711002 230 10 14
1600 24/12002Z 240 13 19
1700 24/1300Z 290 13 34
1800 24714002 310 22 33
1900 24/1500Z 310 24 37
2000 24716002 320 24 36
2100 24/1700Z 310 24 38
2200 24/18002 300 26 40
2300 24719002 300 28 41

*Local time/GMT differences vary in the Persian Gulf region. For
detailed information consult the Standard Time Zone Chart of the
World, published by the Defense Mapping Agency Hydrographic Center,
Washington, D.C. 20390.



A.3.2 Satellite Data Interpretation

Satellite data, particularly from high resolution sensors such as those
aboard the DMSP system, can provide valuable supplementary information to
analysts and forecasters in the Persian Gulf region. In the following
discussion, the figures referenced are the surface analyses discussed above
(Figures A-10, A-11, A-12a,b,c,d); the 700 mb analysis at 24/00Z (Figure A-16);
the 500 mb analyses at 24/00Z and 24/122Z (Figures A-9 and A-13); and the 200 mb
analyses at 24/00Z and 24/12Z (Figures A-17 and A-18).

Vortex A in the left central portion of the visible and infrared satellite
images (Figures A-14 and A-15, made at 24/0838Z) is the original, decaying )
surface low. Comparison of the satellite images with selected analyses -- .
surface at 24/06Z and 24/09Z, 700 mb at 24/00Z, and 500 mb at 24/00Z and 24/1212 .
-- indicates that the low was of considerable vertical extent and nearly verti-
cally "stacked" at 24/00Z. This surface low, the ‘one associated with the
satellite image vortex, is depicted on the 24/12Z surface analysis (near 34°N,
47 .5°E on Figure A-12) and subsequent analyses as a slowly filling surface
trough, generally aligned with the 500 mb trough position, but surpassed in
intensity by the newly developed low over Iran (near 32.5°N, 53°E). The posi-
tion of vortex A shows a reasonably good match with both the 24/00Z and 24/12Z
500 mb centers and the 700 mb low center at 24/00Z.

The bright area, B, in the central position of Figures A-14 and A-15,
corresponds wé11 to the newly developing surface low on the 24/06Z, 24/09Z,
and 24/127 surface analyses (near 32°N, 49°E; 32°N, 50°E; and 32.5°N, 53°E,
respectively). This is the low which underwent rapid development on 24 Jan and
was favorably located to the east of the 500 mb trough line and near the polar
jet axis (discussed below). The brightness of infrared returns of this
developing feature suggests constituent cloud elements of considerable vertical
extent. It should be noted that area B and the bright band, E, are decidedly
convective in character. This lends support to the observation of Tracton
(1973) that the occurrence of mesoscale convective activity can help trigger
and enhance cyclogenesis.

The northernmost spiral band, C, appears to be a cold front extending from
the decaying vortex over Iraq. This agrees reasonably well with the surface
analysis at 24/06Z (Figures A-11 and A-12b). The middle band, D, appears to be
a newly developing cold front that extends from the developing surface low under
area B. This agrees well with the 24/06Z and 24/09Z surface analyses (Figures
A-12b,c). This front is the 1eading~edge of the shamal, whose initial onset
occurred in the northwestern part of the Gulf.



Perhapt the most striking band is that labeled E on Figures A-14 and A-15,
a line of vigorous thunderstorm cells that extend from the center of the Gulf /
northward into central Iran and the developing surface low in area B. Band E |
Tooks strikingly similar to a prefrontal severe weather line in the U.S. Midwest
in spring. Such lines are capable of producing severe thunderstorms and
spawning tornadoes. Evidence of thunderstorm activity in this case study is
pointed out in Section A.3.1 above. From the information available, however,
there is no confirmation of ternado activity. The vertical extent of the
thunderstorm line, E, is indicated by the bright returns in the infrared
spectrum, Figure A-15. The parallel billows, G, extending east-northeastward
from the line represent cirrus blowoff from the thunderstorm cellss which is
generally aligned in the direction of the average shear from the Tower to upper
levels of the troposphere.* Shearing-off of higher clouds with the upper winds
is apparent at area H, corresponding to cirrus outflow from the developing low
over western Iran. Surface reports for 24/06Z and 24/09Z near 30°N, 50°E
(Figures A-12b,c) confirm the presence of cumulonimbus and thunderstorm
activity over Iran near cloud band E.

The 200 mb analyses for 24 Jan suggest that the polar jet had intruded well
south of the Taurus Mountains of Turkey. The cirrus blowoff from band E at
lines G, from the developing low at B, and from cloud mass H, indicates the
direction of the upper flow.

Notice that the cyclogenesis under area B occurs to the north of the polar
jet position. Notice also that the thunderstorm activity in band E is most
intense north of the northernmost edge of the subtropical jet. Anderson et al.
(1974) have indicated that thunderstorm line development frequently is most
intense north of the intersection of the subtropical jet with the squall line.

*Some indication of the shear can be obtained through examination of the avail-
able 700 mb, 500 mb, and 200 mb analysis for 24/00Z (Figs. A-16, A-9, and A-17,
respectively). The general orientation of the vertical shear is southwesterly.
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Figure A-12a. Detailed surface

analysis, 24 Jan 1974 0300Z.
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Figure A-12b. Detailed surface analysis, 24 Jan 1974 0600Z.
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-- SATELLITE IMAGERY SHOWN ON NEXT FACING PAGES --
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Figure A-14. DMSP visible image, 24 Jan 1974 0838Z.
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Figure A-14. Continued.
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Figure A-15. DMSP IR image, 24 Jan 1974 08382Z.
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Figure A-15. Continued.

A-31



700 mb analysis, 24 Jan 1974 0000Z.

Figure A-16.
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A.4 STEP FOUR

A.4.1 Synoptic Discussion

"The surface low ... [which formed at the previous step] ... becomes fully
developed. It is advected by, and ahead of, the upper trough to eastern Iran.
The associated cold front has swept down the Gulf into the Arabian Sea. Subsi-
dence continues in the lower troposphere over northern Saudi Arabia to the west
of the upper trough. The surface pressure over Saudi Arabia increases. The
pressure gradient between the Saudi Arabian high and the lower pressure in the
Gulf of Oman sustains the gale force shamal" (ref. Figure 3-1d).

The 500 mb analyses for 25/00Z and 25/12Z (Figures A-19 and A-20) show
continued eastward progression of the upper trough. The 25/00Z, 25/06Z, and
25/12Z surface analyses (Figures A-21, A-22, A-23) show the movement of the
surface cold front eastward well ahead of the upper trough axis. The detailed
surface analyses for 25/03Z, 25/06Z, 25/09Z, 25/12Z, and 25/15Z (Figures A-23a,
b,c,d,e) illustrate the continued strength and persistence of the surface winds
in the region behind the cold front. At 25/03Z, for example, wind speeds with
gusts to 40 kt were commonplace, as indicated by surface observations at the oil
rigs and islands in the Gulf. Rig Seashell (near the Qatar Peninsula at approx-
imately 25.5°N, 52°E) reported 15-20 ft combined sea heights; rig Wodeco III
(near Lavan Island at 26.5°N, S53°E) reported 12-14 ft combined sea heights; and
0oil rigs near Das Island (25°N, 53°E) reported 7-12 ft combined sea heights.

At 25/062, 25/09Z, 25/12Z, and 25/15Z, rig Seashell reported combined sea
heights in the range 12-16 ft. Rig Wodeco III reported 6-8 ft at 25/12Z, and a
rig near Das Island reported 8-10 ft at 25/15Z.

Tables A-3 and A-4 are hour-by-hour wind averages taken from anemographs on
Ahmadi Sea Island off Kuwait and Das Island (25°N, 53°E), respectively. These
tables show that the strongest winds during the period of this case study
occurred after the cold frontal passage and for a time thereafter, then
decreased slowly. At Ahmadi Sea Island in the northern Gulf, where the front
passed near noon local time on 24 Jan, winds on 25 Jan were about 25 kt with
gusts to 38 kt at 25/00L (24/217); these winds then decreased slowly during the
morning hours to 10-15 kt by 25/12L (25/09Z). At Das Island in the southern
Gul f, where the front passed later on 24 Jan, winds on 25 Jan reached a maximum
near 25/00L (24/20Z), with winds of 25 kt and gust to 48 kt; these winds then
decreased slowly through the day to 16 kt with gusts to 23 kt at 25/23L (25/19Z).
Lavan Island, near 27°N, 53°E on the eastern side of the southern Gulf, reported
a peak wind of 58 kt at 25/0145L (24/221517).

Reduced visibilities due to blowing sand and dust were reported at stations
throughout the southern Gulf from 25/03Z-25/15Z. Recently concluded thunder-
storm activity occurred again over the Iranian highlands and at Bushire
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Table A-3. Hourly winds reported at Ahmadi Sea Island for 25 Jan 1974.

LT Direction Mean Speed Max Gusts
(LT =GMT+3)* GMT (°) (kt) (kt)
0000 24721002 290 25 38
0100 24722002 290 25 35
0200 247230012 290 27 36
0300 25/00002 290 26 34
0400 25/01002 300 25 34
0500 25/02002 300 25 33
0600 25/03002 300 23 31
0700 25704002 320 24 3]
0800 25/050012 320 24 32
0900 25706002 320 22 28
1000 25707002 330 17 24
1100 25/08002 330 13 17
1200 25/09002 310 10 15

Table A-4. Hourly winds reported at Das Island for 25 Jan 1974

LT Direction Mean Speed Max Gusts
(LT=GMT+4)* GMT (°) (kt) (kt)
0000 24/20002 300 25 48
0100 24/21002 300 25 38
0200 24722002 290 27 41
0300 24723002 290 27 40
0400 25700002 300 25 40
0500 25/01002Z 300 27 40
0600 25/02002Z 300 25 40
0700 25/03002Z 300 21 38
0800 25/04002 310 21 37
0900 25/05002 300 20 32
1000 25/06002 290 19 28
1100 25/07002Z 290 18 26
1200 25708002 290 18 28
1300 25/0900Z 290 18 26
1400 25710002 280 19 27
1500 25711002 290 18 26
1600 25/12002Z 290 18 27
1700 25/13002Z 290 18 28
1800 25/14002 290 19 30
1900 25/15002 300 19 30
2000 25/16002Z 300 18 26
2100 25/17002Z 300 17 26
2200 25/1800Z 310 16 26
2300 25719002 300 16 23

*See footnote to Tables A-1 and A-2.



(vicinity of 30°N, 50°E) at about 25/06Z (see Figure A-23b). The surface
pressure over northern Saudi Arabia and Iragq increased on the order of 10-15 mb
between 24/06Z and 25/06Z and between 24/12Z and 25/12Z. (Compare Figure§ A-11
with A-22 and A-12 with A-23.) The intensification of surface high pressure

over northern Saudi Arabia is associated with the subsidence that occurred in

the lower troposphere in the region to the northwest of the surface cold front

to the rear of the upper trough axis. The 25/06Z and 25/12Z surface analyses
show the surface pressure gradient between the Gulf of Oman and the high
“pressure over northern Saudi Arabia: this is the gradient that drives the shamal.

" A.4.2 Satellite Data Interpretation

The DMSP visible and IR images for 25 Jan, Figures A-24 and A-25, show a
“frontal rope," Tine A, positioned just southeast of the Arabian Peninsula. The
frontal rope, a manifestation of a cold front, is a thin cloud line associated
with the leading edge of an advancing cold air mass. When the cold air pushes
out from a land mass over the open sea, as is the case here, the frontal rope rli
typically takes the shape of the coastline. An average southeastward speed of
movement of near 40 kt would have been required for the cold front to have moved
in 24 hr from the northern portion of the Persian Gulf to the position in the
Arabian Sea depicted on the satellite images. Such movement is unsupported by
the 500 mb upper air pattern, which was west to southwesterly at this time over
the Arabian Peninsula. However, the frontal movement was related to the wind
flow in a shallow layer near the surface, characterized by the 30-40 kt surface
winds reported at or near the cold front as it moved southeastward down the Gulf
on 24 Jan.

The somewhat characteristic "signature" of relatively colder air streaming
over warmer waters appeared over the Gulf on 25 Jan. Heated from below, the
air soon became unstable and cumulus convection developed. Some indication of
at least moderate vertical extent can be seen by the relative brightness of
these clouds on the IR image (Figure A-25). Convective activity is further
indicated by past thundershower activity reported at Kharg Island (near 29°N,
50.5°E) (see 25/06Z surface analysis, Figure A-23b).
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Figure A-23a. Detailed surface analysis, 25 Jan 1974 0300Z.
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Figure A-23c. ‘Detailed surface analysis, 25 Jan 1974 0900Z.
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Figure A-23d. Detailed surface analysis, 25 Jan 1974 1200Z.

Rig Vicinity Das Island =
O Shore 55 =W 22-24 Ki Sea B-10

~.

Figure A-23e. Detailed surface analysis, 25 Jan 1974 1500.2.

A-45



A/ »

Figure A-24. DMSP visible image, 25 Jan 1974 0838Z.
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Figure A-24. Continued.




Figure A-25.

DMSP IR image, 25 Jan 1974 0838Z.



5
5
1

Figure A-25. Continued.




A.5 STEP FIVE

A.5.1 Synoptic Discussion

"Subsidence continues in the lower troposphere over Saudi Arabja. A .

second surface high pressure area forms over the Iranian plateau. The orienta-
.tion of the Zagros Mountains induces a lee trough which extends from the

Gulf of Oman northwestward along the eastern shore of the Gulf. The shamal
continues .... The upper air trough eventually moves away to the east. Lower
tropospheric subsidence is now stronger over the Iranian plateau than over the
Saudi Arabian basin. The high cell over Saudi Arabia weakens and the lee
trough begins to move westward across the Gulf. The shamal weakens and is
replaced on the eastern side of the Gulf by local sea breezes, weak south-
easterlies, or a vector combination of both. w1nds'on the western side of the
Gulf (lee) trough subside as the shamal "breaks"." (Ref. Figures 3-le,f.)

The 500 mb trough in this instance did not "stall" over Iran, but continued
to move away to the east (see Figures A-26 and A-27). Consequently, subsidence
to the west of the upper trough axis was short-lived. The surface high over
Saudi Arabia began to weaken, the pressure gradient lTessened over the Gulf, and
the shamal wind slowly subsided. The chief factor which distinguishes the 3-5
day shamal from the 24-36 hour shamal is the upper air trough's movement: in the
3-5 day shamal, it either "stalls" over or near the Strait of Hormuz (near
26 .5°N, 56.5°E), or moves very slowly through the region; in the 24-36 hr shamal,
it moves through rapidly. '

The surface analyses for 26/00Z, 26/06Z, and 26/12Z (Figures A-28 through
A-30) show how the high pressure over Saudi Arabia at 26/00Z (03L) strengthened
at 26/06Z (09L) and weakened again by 26/12Z (15L), a reflection in part of
semi-diurnal variation,

Another high pressure area, a ridge oriented east-west along 35°N at
26/00Z, split into two cells at 26/06Z. One cell was centered over northwestern
Iran on 26/06Z and remained there at 26/12Z.

Determination of the precise movement of the center of the other, eastern-
most, cell is difficult, because data is sparse at 26/06Z. The general movement
of this easternmost cell, from 26/00Z (just before it split off from the ridge)
to 26/12Z, seems to be to the northeast, in conjunction with the eastward moving -
cold front depicted on the extreme right-hand portion of the 26/00Z and 26/12Z '
surface analyses,

Also indicated on the 26/00Z, 26/06Z, and 26/12Z surface analyses is a lee
trough induced by the Zagros Mountains and located on the eastern side of the
Gulf, between the high pressure cells. The strongest of the northwesterly winds
over the Gulf persisted on the western side of the Gulf, away from the lee
trough. By 26/12Z, easterly and southeasterly winds occurred on the eastern
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side of the Gulf (Figures A-30 and A-30a). Combined sea heights reported by
rig Seashell in the southern Gulf was generally 6-8 ft at 26/06Z, 26/09Z, and
26/12Z.

The hourly wind speed averages derived from the anemograph at Das Island
indicate a gradual decrease in the northwesterly winds as the day progressed
(Table A-5). Das Island peak wind speeds are well below gale force intensity
on 25 Jan. By 26/15Z, the shamal had virtually subéided in the southern Gulf.
Combined sea heights of 5-8 ft were reported by oil rigs near Das Island at
26/15Z; these gradually diminished through the night. (A surface chart for
26/15Z is not depicted.) By 27/03Z (Figure A-30b) the shamal had definitely
ended; winds were light and combined sea heights were 3 ft or less.

Table A-5. Hourly winds reported at Das Island for 26 Jan 1974.

LT * Direction Mean Speed Max Gusts
(LT=GMT+3) aMT () (kt) (kt)
0000 25/20002 310 16 23
0100 25721002 310 17 25
0200 257220017 310 17 26
0300 25723002 300 16 25
0400 26/00001Z 300 16 26
0500 26/010012 300 15 28
0600 26/02001Z 310 16 23
0700 26/03002 310 15 24
0800 26/04007 310 14 22
0900 26/050012 310 13 18
1000 26/0600Z 300 14 18
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